Objective-Combined hyperlipidemia is a common disorder, characterized by a highly atherogenic lipoprotein profile and a substantially increased risk of coronary heart disease. The purpose of this study was to establish whether variations of apolipoprotein A5 (APOA5), a newly discovered gene of lipid metabolism located 30 kbp downstream of the APOA1/C3/A4 gene cluster, contributes to the transmission of familial combined hyperlipidemia (FCHL).
The lipid profile in FCHL is characterized by increased plasma triglyceride or cholesterol levels, decreased HDL cholesterol levels, the presence of small, dense LDL particles, and elevated apolipoprotein (apo) B levels. 5, 9 These lipid abnormalities may also be present in persons with the metabolic syndrome, which is a major cause of CHD morbidity and mortality worldwide. 10 APOA5 is a newly identified gene on chromosome 11q23 involved in lipid metabolism 11 and represents a candidate for conferring susceptibility to FCHL. APOA5 was discovered by a comparative sequence analysis of human and mouse genomic DNA sequences spanning the APOA1/C3/A4 gene cluster and subjected to functional analyses. 11 In mice, apoA5 deficiency results in a 4-fold increase in plasma triglyceride levels. Conversely, transgenic mice that overexpress the human APOA5 gene have markedly lower plasma triglyceride levels. In humans, single nucleotide polymorphisms (SNPs) across the APOA5 locus were associated with increased plasma triglyceride levels in 2 independent data sets. 11 APOA5 resides ≈30 kbp downstream of the APOA1/C3/A4 cluster. APOA1 and C3 have been extensively studied in mice 12, 13 and humans. [14] [15] [16] In humans, minor alleles at the APOA1 −3,031C>T and APOC3 c.386C>G loci have been associated with combined hyperlipidemia or hypertriglyceridemia in a range of studies. [17] [18] [19] [20] [21] However, several investigators have failed to replicate these results, 22, 23 which may reflect population-specific differences in the extent of linkage disequilibrium (LD) between markers and causal variants, combined with important differences in study design. In this study, we have used a combined linkage and association study design to establish that 2 distinct sequence alleles within the APOA1/C3/A4/A5 genomic interval contribute to the transmission of FCHL in a substantial proportion of northern European families.
Methods

Families
Family data and lipid percentile values are available at http://www.csc.mrc.ac.uk. White British probands were recruited through 5 London-based tertiary referral lipid clinics. Based on previous FCHL studies 1, 6 and PROCAM, 24 probands were identified as potential FCHL patients on the basis of both cholesterol and triglyceride levels, which had to be higher than age-and sex-specific 95th and 90th percentile values, respectively. The diagnosis was confirmed through the presence of cholesterol or triglyceride levels higher than age-and sexspecific 90th percentile values in a blood relative. 1, 6 In the absence of British values, Lipid Research Clinics (LRC) percentile points were used. In LRC, male 90th and 95th percentile cholesterol values (40 to 65 years of age) range from 247.4 to 259.1 mg/dL and 265.2 to 274.1 mg/dL, respectively. Triglyceride values were 170.8 to 180.5 mg/dL (75th) and 248.7 to 254.0 mg/dL (90th). Exclusion criteria included secondary hyperlipidemia (eg, body mass index [BMI] >30 kg/m 2 , diabetes mellitus, untreated hypothyroidism, liver and kidney disease, drugs known to interfere with lipid metabolism), age younger than 16 years, and other forms of genetic hyperlipidemia (eg, type I and III hyperlipidemia and familial hypercholesterolemia) based on molecular diagnosis, standard clinical signs, or diagnostic criteria. The research ethics committees of participating centers approved the study design. Participants gave written informed consent. Fasting lipid and apoB levels were determined by automated methods (Beckman Instruments, Inc) using commercial kits and interassay controls.
DNA Analyses
Primer sequences for genotyping markers D11S1998 and D11SAPOC3 and sequencing of APOA1, C5, A4, and A5 exons (including 5′ and 3′ splice-site junctions and 43 to 355 bp/intron) are presented in Table I (available at http://atvb.ahajournals.org). Reactions were analyzed on an Applied Biosystems 3700 DNA sequencer. SNP genotyping was performed with a polymerase chain reaction invader assay (Third Wave Technologies) as described. 11, 25 Allele 1 and 2 refer to common and minor alleles, respectively. Alternative nomenclature for alleles include SNP3 11 (APOA5 −1,131C ), SNP4 11 (APOA5 −1,2238C ); APOC3 S2,26 APOC3 3238C>G 27 (APOC3 c.386G ), and APOA1 X217 (APOA1 −3,031T ).
Statistical Analyses
Nonparametric linkage analysis 28 was performed on families containing an affected sibling or relative pair (excluding parent and child combinations, which provide no information in this analysis) for the following 2 correlated, standard diagnostic criteria: combined hyperlipidemia phenotype (ie, cholesterol and triglyceride levels >90th age-and sex-specific values) and triglyceride trait (ie, triglyceride >90th percentile age-and sex-specific values). Estimates of allele sharing were based on marker allele frequencies of family spouses and equal weights assigned to each family. P values were derived from the Gaussian distribution approximating the NPL distribution. Combined linkage and association analysis was performed with the pedigree disequilibrium test (PDT), a transmission disequilibrium test (TDT) for general pedigrees. 29 ApoB affection status was available for 725 family members. Affected status required an age and BMI adjusted value >90th percentile values. Cutoff values were computed from a random white British control sample drawn from a west London general practice. Mean and 90th percentile values were 100.4±27.1 mg/dL and 135 mg/dL (men) and 87.6±24.5 mg/ dL and 127.7 mg/dL (women), respectively. P values are based on the TDT (ie, 2 genotyped parents and affected offspring) and the discordant sibling pair components of the test. The sum PDT statistic applies more weight to larger families. The average PDT applies equal weight to families. 30 The gamete-competition test, 31 a generalized TDT, which accommodates pedigrees of arbitrary size and complexity, was performed on all 128 families. Haplotypes were reconstructed with Merlin (http://www.sph.umich.edu/csg/abecasis) using the most likely pattern of gene flow. 32 The PDT excluded families (n=4) with >1 probable haplotype solution and parents with incomplete haplotype data. Haplotype frequencies were determined with Fugue 33 and used to determine normalized disequilibrium statistic (D′) values between diallelic loci. 34D′ is used as a measure of LD because it is relatively insensitive to allele frequencies.
ANOVA considered probands and family spouses separately. Triglyceride and cholesterol values were log transformed and standardized for the covariates BMI, age, and sex. Interactions between covariates and genotypes were evaluated. Percentage variances were estimated from mean square errors (ie, R×100). Analyses were performed in the S-PLUS package (MathSoft Inc, 2000) .
Results
Increased Transmission of Minor Alleles at the APOA1/C3/A4/A5 Genomic Interval in FCHL
To evaluate the contribution of sequence variation at the APOA1/C3/A4/A5 gene locus in the transmission of FCHL, we performed nonparametric linkage analyses and a combined linkage and association test (ie, PDT) on a cohort of North European families (Table 1 ). In the linkage test, families were analyzed with 2 markers, D11SAPOC3, which resides within intron 3 of APOC3, and D11S1998, located ≈1.7 Mbp downstream of APOA5 ( Figure, panel A) . Ninetythree of the 128 families had a proband with a sibling or an informative relative pair (eg, unclenephew, affected cousins) for the triglyceride or the combined hyperlipidemia trait. The triglyceride trait produced NPL + values of 1.85 (ie, LOD value, 0.74; P=0.032) and 2.0 (ie, LOD value, 0.87; P=0.023) at the D11SAPOC3 and D11S1998 loci, respectively. These values were attributable to positive linkage scores in 39 families. Corresponding NPL values for the combined hyperlipidemia trait were 0.39 and 0.47 (LOD <0.1).
The PDT was performed with 7 SNPs spanning an interval of 108 kbp ( Figure, panel A) on 115 nuclear families, which included 80 of the families that had been analyzed in the nonparametric linkage analyses ( Table 2 and online Table II ). In the PDT, genetic information is derived from an affected offspring with 2 genotyped parents, herein referred to as a trio, and/ or a discordant sibling. Thirteen of the 128 FCHL families contained neither a trio nor a discordant sibling pair and were therefore excluded from the analysis. Thus, the PDT uses genetic information that is excluded in a nonparametric linkage analysis (ie, parent-child combinations and the unaffected individuals in a discordant sibling pair), whereas the PDT is unable to use certain data that are informative in a nonparametric linkage analysis. These includes data from affected sibling pairs who have an absent parent and certain affected relative pairs, such as affected cousins and uncle-nephew combinations.
We observed increased transmission of the APOA5 c.56G (P=0.022 to 0.004) and APOC3 c.386G (P=0.019 to 0.007) alleles to affected offspring in the trios and to affected siblings within discordant sibling ships ( Table 2 and online Table II ). In the complementary gamete competition test, a P value of 0.003 was obtained for the APOA5 c.56G allele (combined hyperlipidemia and triglyceride traits), compared with P values of 0.014 (combined hyperlipidemia) and 0.049 (triglyceride) for the APOC3 c.386G allele.
The PDT produced some support for linkage and association of the APOA5 c.56G (P=0.023 to 0.050) and APOC3 c.386G alleles (P=0.088 to 0.124) with elevated levels of apoB (ie, >90th age-, BMI-, and sex-specific percentile values) ( Table 2 and online Table II ). This was also obtained when we used slightly lower than 90th percentile cutoff values (>120 mg/dL [women] and >130 mg/dL [men]) to define apoB-affected status, but the P values were poorer (P=0.0606 to 0.1370 for the APOA5 c.56G allele and 0.116 to 0.150 for the APOC3 c.386G allele).
The minor alleles at the APOA5 c.56C>G (Table 3) , APOC3 c.386C>G (Table 3) , APOA5 −1,131T>C (data not shown), and APOA5 c.−3A>G (data not shown) loci were more prevalent in FCHL probands versus the spouses within the families. The APOA5 c.56G allele was present in 22% of probands compared with 13% of normolipidemic spouses. The values for the APOC3 c.386G allele were 28% and 18%, respectively. Importantly, the case-control study (ie, probands versus family spouses) complemented the PDT data. The frequencies of the minor alleles at the APOA5 c.56C>G , APOA5 c.−3A>G , APOA5 −1,131T>C , and APOC3 c.386C>G loci in FCHL probands (Table 3 and data not shown) and affected siblings ( Table 2 and online Table II) were similar (ie, 0.1215, 0.1144, 0.1111, and 0.1436, respectively, versus 0.1114, 0.1156, 0.1296, and 0.1566). Likewise, the frequencies of the APOA5 c.56G and APOC3 c.386G alleles in spouses (0.0712 and 0.0993, Table 3 ) and unaffected siblings (0.0511 and 0.1048, Table 2 ) were comparable.
Minor Alleles at the APOA1/C3/A4/A5 Complex Influence Plasma Triglyceride Levels
In probands, the APOA5 c.56C>G genotype and BMI accounted for 13.8% and 2.4% (P<10 −5 and 0.016) of the total variance in log triglyceride levels, respectively (Tables 3 and III) . We detected no significant interaction between the APOA5 c.56C>G genotype and BMI, and this genotype made no contribution to the overall variance in apoB or total, LDL, or HDL cholesterol levels in FCHL probands or spouses. We also performed the ANOVA after the exclusion of 3 probands with serum triglyceride levels 3 SDs above the proband mean. The total variance in log triglyceride levels attributed to the APOA5 c.56C>G genotype and BMI was 7.3% and 3.3% (P=0.004 and 0.007).
In spouses, the APOC3 c.386C>G genotype and the covariates, age, and BMI accounted for 5.1% (P=0.003), 2.7% (P=0.006), and 7.9% (P=4×10 −6 ) of the total variance in serum log triglyceride levels, respectively ( Table 3) . Values for the APOA5 c.56C>G genotype and sex were 0.59 and 0.17, respectively. Two spouses had serum triglyceride levels 3 SDs above the spouse mean, but these did not have a disproportionate influence on the fraction of variance explained by this SNP (4.4%, P=0.007), age (2.7%, P=0.006), or BMI (8.4%, P=2.2×10 −6 ). The APOC3 c.386C>G genotype did not contribute to the variance in serum triglyceride levels in FCHL probands, which may suggest that the impact of an APOC3 c.386G allele on serum triglyceride levels in certain susceptible individuals (ie, individuals with raised serum cholesterol levels and a blood relative with hyperlipidemia) is sufficiently large to raise triglyceride levels above the threshold value required for a diagnosis of FCHL. The APOC3 c.386C>G genotype did not contribute to the variance in apoB or total, LDL, and HDL cholesterol levels in either FCHL probands or family spouses (online Table III ).
In a complementary analysis, small decreases in the frequencies of the APOC3 c.386G , APOA5 −1,131C , and APOA5 c.−3G alleles were observed in FCHL spouses with serum cholesterol and triglyceride levels <75th percentile age-and sex-specific values relative to all FCHL spouses (Table 3 and data not shown). This trend was not observed for the APOA5 c.56G allele, indicating that this allele resides on a different haplotype than the APOC3 c.386G , APOA5 −1,131C , and APOA5 c.−3G alleles.
Transmission of Haplotypes at the APOA1/C3/A4/A5 Genomic Interval in FCHL
The extent of allelic association in the APOA5 and APOA1/C3/A4 genomic interval was determined from FCHL spouse genotypes. The APOA5 c.56G allele was in LD with the minor allele at the APOAI −3031C>T locus (D′=0.6, P<10 −6 ) (Table IV) and was rarely observed on a haplotype containing the APOC3 c.386G (Figure, panel B) , APOA5 −1,131C , and APOA5 c.−3G (data not shown) alleles. The APOC3 c.386G allele was in LD with the minor alleles at the APOA5 −1,131T>C (D′=0.86, P<10 −6 ) and APOA5 c.−3A>G (D′=0.83, P<10 −6 ) loci (online Table  IV ). Thus, it is clear that the APOA5 c.56G and APOC3 c.386G alleles define different haplotypes (Figure, panel B) .
We performed the PDT with 5-and 7-locus (data available on request) haplotypes and obtained comparable results. The 5-locus haplotypes excluded APOA5 −1,131T>C and APOA5 c.−3A>G genotype data attributable to the strong LD between the minor alleles at these loci and the APOC3 c.386G allele (online Table IV ). In our data set, 17 5-locus haplotypes were identified (Table 4 and online Table V) . Four contained the APOA5 c.56G allele (haplotypes 3 through 6), whereas 5 contained the APOC3 c.386G allele (haplotypes 5 and 7 through 10). The derivation of haplotypes for FCHL family members produced genotype data for several deceased family members for the first time and reduced the potential for a type 2 error in the TDT component (ie, trios) of the PDT, attributable to alleles associated with increased mortality.
The transmission of the 17 5-locus haplotypes to affected offspring in FCHL trios and to the unaffected and affected siblings in the discordant sibling pair data set was distorted at a global level (P=0.012). This was largely attributable to reduced transmission of the common APOA1/ C3/A4/A5*1 (11111) haplotype to affected offspring in FCHL trios and to the affected siblings in the discordant siblings, paired with an increased transmission of the APOA1/C3/A4/A5*4 (12111) haplotype to these individuals (Table 4 , Figure, panel B) . The most common haplotype carrying the APOC3 c.386G allele (APOA1/C3/A4/A5*7 [21121]) was also transmitted more frequently to the affected offspring in FCHL trios and to the affected siblings in the discordant sibling ships with a modest P value of 0.034 (Table 4 ).
Haplotype APOA1/C3/A4/A5*4 (12111) contains the APOA5 c.56G allele and was transmitted twice as frequently to affected siblings than nonaffected siblings, and there was a 2-fold increased transmission of this haplotype to affected offspring in the trio data set ( Table 4 ). Two other APOA5 c.56G haplotypes were transmitted more frequently to affected subjects (Table 4 ), but these increases corresponded to poor P values (P=0.448 and 0.056).
Characterization of the APOA5 c.56G Allele
We sequenced 18 APOA5 c.56G alleles to establish whether an amino acid substitution in or a change to the Kozak sequence 35 of APOA1, C3, A4, or A5 might account for the increased transmission of this allele to affected subjects in FCHL. The analysis included DNAs from 5 probands and 4 unrelated first-degree relatives with combined hyperlipidemia. Fourteen additional SNPs were identified (1 in APOA5, 4 in APOA4, 5 in APOC3, and 4 in APOA1 [ Figure, panel A, and online Table VI]), including 2 nonsynonymous substitutions (APOA4 Ala141Ser , APOA4 Val-8Met ). The minor allele at the APOA4 Ala141Ser locus was identified on only 1 of 18 sequenced APOA5 c.56G alleles and was therefore not studied additionally. LD was evident between the minor allele at the APOA4 Val-8Met locus and the APOA5 c.56G allele (data not shown), but this could not be computed accurately because of the low frequency of this allele in both spouses (1.5%) and probands (2.2%). These data indicate that an unidentified amino acid substitution within APOA1, C3, A4, and A5 or a sequence variation in the Kozak sequence of these genes cannot account for the linkage and association of the APOA5 c.56G allele with FCHL.
Discussion
In the present study, we provide evidence for increased transmission of 2 distinct alleles at the APOA1/C3/A4/A5 genomic interval in FCHL. First, a linkage analysis based on excess allele sharing in affected sibling and relative pairs produced a P value of 0.023 for linkage of this genomic interval to the triglyceride trait of FCHL despite limited power in our data set for identifying a disease locus inherited through 2 or more biallelic loci. 36 Next, a combined test of linkage and association demonstrated preferential transmission of the APOA5 c.56G (P=0.004) and APOC3 c.386G (P=0.007) alleles to affected individuals in FCHL families. This was supported by haplotype data and a gamete competition test performed on all 128 families.
We performed a large number of statistical tests, raising the issue of whether to adjust for multiple testing. For 50 independent tests, the Bonferroni correction requires a nominal P value of 0.001 for a result to be significant at a global level of 5%. However, this seems inappropriate for the present study for several reasons. We studied 3 highly correlated phenotypes and used marker alleles and data sets that were interdependent. Instead, we note that the PDT is robust to population stratification, and therefore spurious associations that may arise from this source are minimized. In addition, for each test performed, it would have been desirable to calculate the posterior probability of obtaining a nominal P value given the a priori power of the study. However, this could not be meaningfully calculated because the mode of transmission of FCHL is unknown. Moreover, as spelled out by Rothman, 37 type 1 errors are random and therefore patterns in results should be given more weight than isolated results with a single low P value. In the present study, the pattern of P values for the APOA5 c.56G and APOC3 c.386G alleles are consistent with an increased transmission in FCHL.
In FCHL spouses, the APOA5 c.56G allele was underrepresented and made no apparent contribution to serum triglyceride or cholesterol levels in the heterozygote state. These data complement the findings of Talmud et al, 27 who studied 2808 healthy middle-aged men (50 to 61 years) drawn from UK general practices. In this sample, heterozygote individuals with the APOA5 c.56G genotype (10.5% compared with 12.7% in FCHL spouses) had only marginally higher (ie, ≈8%) serum triglyceride levels than their homozygote peers without this allele. In comparison, the 11 individuals homozygous with an APOA5 c.56G genotype had average serum triglyceride levels (241.6±107.1 mg/dL) that overlapped the 90th percentile values (236.30 to 251.34 mg/dL for the same age range) used in the present study to define affected status (triglyceride trait) in relatives of a proband with combined hyperlipidemia. Similarly, in 2600 randomly selected participants of the Dallas Heart Disease Prevention Project, 25 the APOA5 c.56G homozygote genotype (0.71% of participants) was associated with a 3-fold increased risk of elevated triglyceride levels (>90th percentile) compared with a APOA5 c.56G heterozygote genotype. Thus, the defining difference between this present study and those of Talmud et al 27 and Pennacchio et al 25 is that we have used a combined linkage and association analysis to show that the APOA5 c.56G allele contributes to the transmission of FCHL. In addition, we show that the homozygous APOA5 c.56G genotype is present in 0.7% of white British FCHL spouses compared with 2.8% of FCHL probands and that FCHL probands with the homozygous APOA5 c.56G genotype had some of the highest serum triglyceride levels in our data set.
We observed strong LD between the APOA5 c.56G allele and the APOA1 −3,031T allele, which has been previously implicated in FCHL. 18, 19, 21, 38 In one study, the APOA1 −3,031T allele segregated with FCHL in a small series of families ascertained through a proband with this same allele. 19 In a second study involving patients with peripheral vascular disease, all 5 patients homozygous for the APOA1 −3,031T allele had combined hyperlipemia. 18 In a Dutch cohort of FCHL families, the frequency of this genotype was higher in FCHL relatives compared with FCHL spouses. 21, 38 Moreover, the compound APOA1 −3,031T and APOC3 c.386G heterozygote genotype was associated with a 12-fold increased risk of FCHL. In the present study, the frequency of the compound APOA5 c.56G and APOC3 c.386G heterozygote genotype is remarkably similar to that observed for the combined APOA1 −3,031C and APOC3 c.386G genotype in affected Dutch FCHL relatives (6%), the frequencies being 5.5% for FCHL probands and 6.2% for FCHL relatives affected with the triglyceride trait of this condition. This was paired with lower frequencies of the compound APOA5 c.56G and APOC3 c.386G heterozygote genotype status in both unaffected FCHL relatives (2.6%) and FCHL spouses (2.2%), consistent with the lower frequency of the APOA1 −3,031T and APOC3 c.386G genotype combination observed in the unaffected FCHL relatives (3%) in the Dutch study. Thus, these data support the results of the Dutch study, which indicated that both paternal and maternal chromosomes might contribute to the transmission of FCHL. However, in marked contrast to the Dutch sample, we did not detect a dramatic difference in serum cholesterol and triglyceride levels in FCHL probands (online Table VII) or affected relatives with the compound heterozygote genotype status compared with probands or affected FCHL relatives without this combination. Moreover, only 1 of the 6 spouses with this double genotype had combined hyperlipidemia, the cholesterol and triglyceride levels being 301 and 213 mg/dL, respectively. In the Dutch families, the only spouse with a compound APOA1 −3,031T and APOC3 c.386G heterozygote genotype had a serum triglyceride level in excess of 900 mg/dL and a moderately raised cholesterol level (277 mg/dL).
Our data suggest that the APOC3 c.386G allele (or an allele in LD) at the APOA1/C3/A4/A5 genomic interval may primarily affect the transmission of FCHL as a triglyceride quantitative trait. This proposition is consistent with previous APOC3 studies 14, 26, [38] [39] [40] and results from 4 APOA5 data sets. 27, [41] [42] [43] In the UK data set of Talmud et al, 27 for example, the haplotype equivalent to our APOA1/C3/A4/A5*7 (21121) haplotype was associated with 1.2-fold higher mean serum triglyceride levels, whereas in the study of Ribalta et al 43 involving 16 FCHL families, an APOA5 allele (ie, APOA5 −1,131C ), which is in strong LD with the APOC3 c.386G allele, was present at a higher frequency in the affected subjects (n=42) compared with the nonaffected family members (n=61). The APOA5 −1,131C allele in the Ribalta study was also associated with elevated VLDL-apoB levels. We observed a 1.3-fold increased transmission of the APOC3 c.386G allele to individuals with high levels of serum apoB compared with a 1.4fold increase for the APOA5 c.56G allele. However, we found that the APOC3 c.386C>G genotype, which was highly predictive of the APOA5 −1,131T>C genotype, had no detectable impact on total serum apoB levels in either FCHL probands or spouses, consistent with the data of Ribalta et al 43 and Talmud et al. 27 We also observed that the APOC3 c.386G allele is in strong LD with the minor allele at the APOA5 c.−3C>G locus, which substitutes a G for A at position −3 in a nucleotide of the Kozak consensus sequence of APOA5. 35 Thus, in future studies, it will be important to establish whether this variant of the Kozak sequence is fully functional and, if so, whether it acts in concert with the APOC3 c.386G or the APOA5 −1,131C allele to perturb serum triglyceride levels.
The APOA5 c.56G allele alters codon 19 of the predicted amino-terminal signal sequence of apoAV, which substitutes a serine residue with tryptophan. The von Heijne formula 44 places Ser19 of apoAV at the −5 position of the preapolipoprotein (counting from the predicted cleavage site between positions −1 and −1 of mature apoAV). According to the −3, −1 rule, this region of a signal sequence has a strong preference for specific amino acids at particular positions. For example, the residue at the −1 position must be small, whereas the residue at the −3 position must not be aromatic (eg, Tyr, Trp), charged (eg, Asp), or large and polar (eg, Asn). Accordingly, missense mutations at the −1 and −3 positions of signal sequences have now been identified as the causative lesion in several serious forms of genetic diseases. [45] [46] [47] By analogy, a tryptophan residue so close to the cleavage site of the apoAV signal sequence could reduce the processing of this preprotein. In transgenic mice, 11 apoAV deficiency is associated with the development of high serum triglyceride levels, suggesting that the rare sequence variant at the APOA5 c.56C>G locus might represent the lesion that confers susceptibility to FCHL. However, we have not formally proven that this sequence variant is the actual lesion that contributes to the transmission of FCHL, because this would require functional studies and induced mutations in mice. In addition, we note that our results do not exclude the possibility that the rare APOA5 c.56G allele might be in LD with an allele that increases serum triglyceride levels through an effect on APOC3 or APOA5 mRNA levels. This would provide a plausible explanation for our results, because previous studies have established that mice expressing altered levels of these mRNAs develop elevated serum triglyceride levels. [11] [12] [13] In addition, we have excluded the possibility that the APOA5 c.56G allele is in LD with a sequence variant in the APOA1/C3/A4/A5 genomic interval that alters an amino acid codon (other than codon 19 of APOA5) of APOA1, C3, or A5. We have also shown that the frequency of the minor allele at the APOA4 Val-8Met locus, which is in LD with the APOA5 c.56G allele, is too low to account for the increased transmission of the APOA5 c.56G allele in FCHL and that the APOA5 c.56G allele is not in LD with an allele that alters the Kozak consensus sequence or a consensus intron/ exon splice site sequences of APOA1, C3, A4, or A5.
In summary, we have used a novel combination of linkage and association analyses to establish the importance of 2 distinct alleles at the APOA1/C3/A4/A5 genomic interval in the transmission of FCHL. The results provide new insights into the early genetic studies performed in this condition and additionally indicate that the transmission of this condition is likely to occur through sequence variation at multiple loci 7, 8 in a substantial proportion of families and that some of these loci may have a small to moderate impact on lipid or apoB levels in the general population. Location of genetic markers and SNPs in a 108 kbp interval containing the APOA1/C3/A4/ A5 gene cluster. A, Organization of the cluster (not drawn to scale) was determined from genomic (AC007707) and cDNA sequences. 11 Genes are denoted by black rectangles, with attached triangles at their 3′ ends. SNPs shown in white on a black background alter the 19th codon (Ser to Trp) of APOA5 (APOA5 c.56C>G ) and the 40th nucleotide of the 3′ noncoding region of APOC3 (APOC3 c.386C>G ). The SNP at the APOA5 c.−3A>G locus resides within the putative Kozak 35 sequence of APOA5. Alternative nomenclature for the APOC3 c.386G and APOA1 −3,031T alleles include the S2 allele of APOC3 26 and the X2 allele of APOA1. 17 B, Common, APOA5 c.56G and APOC3 c.386G haplotypes. 1 and 2 represents the major and minor alleles at each locus, respectively. 
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Levels <age-sex-specific 90th percentile values. † Allele percentage transmitted to affected offspring calculated from total number of alleles (ie, major plus minor) transmitted to offspring. Conversely, percentage not transmitted to offspring calculated from the total of parental alleles not transmitted to offspring. ‡ Percentage of minor alleles transmitted to affected and unaffected siblings calculated from total number of alleles (ie, major plus minor) in the discordant sibling pair data set.
TG indicates serum triglyceride>age-sex-specific 90th percentile values; CHL, serum cholesterol and triglyceride>age-sex-specific 90th percentile values; APOB, apoB>age-sex-specific 90th percentile values. Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2009 November 5.
